We calculate the Standard Model (SM) predictions for the differential branching ratio of the rare B s → φµ + µ − decays using B s → φ transition form factors (TFFs) obtained using holographic light-front QCD (hQCD) instead of the traditional QCD sum rules (QCDSR) . Our predictions for the differential branching ratio is in better agreement with the LHCb data. Also, we find that the hQCD prediction for R K * φ , the ratio of the branching fraction of B → K * µ + µ − to that of B s → φµ + µ − , is in excellent agreement with both the LHCb and CDF results in low q 2 range.
to be in good agreement with SM expectations, the measured branching fraction deviattes from the recently updated SM prediction by 3.1 σ [4] [5] [6] :
where q 2 = m 2 µµ is the invariant mass of the produced di-muons. A similar trend is also seen for the branching fractions of other b → sµ + µ − processes, which tend to be lower than the SM predictions [7] [8] [9] .
One important aspect of SM theoretical predictions of the exclusive decays is the computation of the TFFs which parametrize the hadronic matrix elements of B (s) to light mesons through quark currents. These nonperturbative TFFs are commonly evaluated using light-cone sum rules (LCSR) [10] with the input distribution amplitudes (DAs) obtained via QCDSR. An alternative is to calculate these DAs using the light-front wavefunction of the light meson bound state. In a recent work, we have shown that the light-front wavefunctions for ρ and φ mesons resulting from hQCD leads to predictions for diffractive production cross sections of these vector mesons that are in good agreement with the experimental data [11] . This is our motivation to use the hQCD DAs to calculate the B s → φ TFFs and consequently, provide alternative predictions for the B s → φµ + µ − differential branching ratio.
The nonperturbative TFFs are the dominant source of the theoretical uncertainty in this decay mode and therefore it is important to improve our understanding of the corresponding error by examining viable models.
II. HOLOGRAPHIC MESON WAVEFUNCTIONS

In recent years, new insights about hadronic light-front wavefunctions based on the anti-de
Sitter/Conformal Field Theory (AdS/CFT) correspondence have been proposed by Brodsky and de Téramond [12] [13] [14] . In a semiclassical approximation of light-front QCD where quark masses and quantum loops are neglected, the meson wavefunction can be written as [15] Ψ
where the variable ζ = x(1 − x)r is the transverse separation between the quark and the antiquark at equal light-front time. The transverse wavefunction φ(ζ) is a solution of the so-called holographic light-front Schrödinger equation:
where M is the mass of the meson and U (ζ) is the confining potential which at present cannot be computed from first-principles in QCD. On the other hand, making the substitutions
where R and m are the radius of curvature and mass parameter of AdS space respectively, Eq.
(3) describes the propagation of spin-J string modes in 5-D AdS space. In this case, the potential is given by
where ϕ(z) is the dilaton field which breaks the conformal invariance of AdS space. A quadratic dilaton (ϕ(z) = κ 2 z 2 ) profile results in a harmonic oscillator potential in physical spacetime:
The choice of a quadratic dilaton is dictated by the de Alfaro, Furbini and Furlan (dAFF) [16] mechanism for breaking conformal symmetry in the Hamiltonian while retaining the conformal invariance of the action [17] . Solving the holographic Schrödinger equation with this harmonic potential given by Eq. (5) yields the meson mass spectrum,
with the corresponding normalized eigenfunctions
To completely specify the holographic wavefunction given by Eq.
(2), the longitudinal wavefunction X (x) must be determined. For massless quarks, this is achieved by an exact mapping of the pion electromagnetic form factors in AdS and in physical spacetime resulting in [15] .
Equation (6) predicts that the mesons lie on linear Regge trajectories as is experimentally observed and thus κ can be chosen to fit the Regge slope. Ref. [15] reports κ = 0.54 GeV for vector mesons. Eq. (6) also predicts that the pion and kaon (with n = 0, L = 0, S = 0) are massless. For the ground state mesons with n = 0, L = 0, Eq. (2) becomes
To account for non-zero quark masses, we follow the prescription of Brodsky and de Téramond given in Ref. [18] which leads to an augmented form for the transverse part of the light-front wavefunction:
where we have introduced a polarization-dependent normalization constant N λ where λ = L, T . Including the spin structure, the vector meson light-front wavefunctions can be written
and
We fix the normalization constant N λ in Eq. (10) by requiring that
Previously, we have used holographic light-front wavefunctions to calculate hadronic effects in rare B decays to ρ and φ [20] [21] [22] [23] [24] [25] .
III. DECAY CONSTANTS AND DISTRIBUTION AMPLITUDES
Having specified the holographic wavefunction for φ meson, we are now able to predict their vector and tensor couplings, f φ and f T φ respectively, defined by [26] 
and respectively. In Eqs. (14) and (15), the strange quark and antiquark fields evaluated at the same spacetime point, P µ and e µ λ are the momentum and polarization vectors of the φ meson. It follows that [11, 25] 
respectively. The vector coupling is also referred to as the decay constant as it is related to the measured electronic decay width Γ V →e + e − of the vector meson:
Using the experimental measurement Γ φ→e + e − = 1.263 ± 0.15 KeV [27] , and the running of the fine structure constant below 1 GeV [28] , we obtain f φ = 225 ± 2 MeV. In Table I, we compare our predictions for the decay constants with those obtained from lattice QCD and other hadronic models as well as the available experimental data. We note that we underestimate the electronic decay width due to the fact that there are likely perturbative corrections that must be taken into account when predicting the electronic decay width.
IV. DISTRIBUTION AMPLITUDES FOR THE φ
We now proceed to predict the twist-2 DAs φ ,⊥ K * (x, µ) given by [24] :
Note that the decay constants are defined in Eqns 16 and 17 so that the twist-2 DAs satisfy the normalization condition, i.e.
We can now compare the holographic DAs with those obtained using QCDSR. QCDSR predict the moments of the DAs:
and that only the first two moments are available in the standard SR approach [34] . The twist-2 DA are then reconstructed as a Gegenbauer expansion
where C 3/2 j are the Gegenbauer polynomials and the coeffecients a ,⊥ j (µ) are related to the moments ξ n ,⊥ µ [35] . These moments and coefficients are determined at a starting scale µ = 1 GeV and can then be evolved perturbatively to higher scales [34] . For mesons with definite G parity (equal mass quark anti-quark), i.e. φ in our case, a ⊥ 1 = 0 [36] . For the other two coefficients, we adopt a 2 = 0.23±0.08 and a ⊥ 2 = 0.14±0.07 from references [6, 36] . In Fig. 2 , we show the predictions of holographic QCD for twist-2 DAs compared with those obtained from QCDSR. The twist-3 DAs can also be obtained from the light-front wavefunction through the following expressions [24] g (v) The seven B s → φ TTFs are defined as [37] 
where q = p − k is the 4-momentum transfer and is the polarization 4-vector of the φ.
At low-to-intermediate values of q 2 , these TFFs can be computed using QCD light-cone sum rules (LCSR) [10, 38, 39] . Here we use the LCSR expressions from Ref. [23] which are modified for the B s → φ decay channel. 
to the LCSR predictions as well as form factor values obtained by lattice QCD which are available at high q 2 . The results for the above fit are given in Table III . We note that hQCD predicts lower values of the form factors at q 2 = 0 compared to those obtained from SR. [37] . The error bars for the holographic form factors are due to the variation in m s and κ, as explained in the text. The two-parameter fits with the available lattice data are used for the plots. The shaded bands represent the uncertainty in the predicted form factors due to uncertainty bands in DAs and variation in quark masses. Lattice data points (shown on plots) are taken from [37] . Figure 4 shows the comparison between hQCD and SR predictions including the lattice data points at high q 2 for the form factors. The shaded bands in these figures represent the uncertainty due to the error band in the DAs. Note that there are additional uncertainties in the form factors inherent in the LCSR method (uncertainty in the Borel parameter, continuum threshold and other input parameters). Since our goal in this paper is to discriminate between the hQCD and SR models and that the inherent LCSR uncertainties are the same in both models, we do not include them here.
VI. DIFFERENTIAL DECAY RATE
The differential branching ratio for B s → φµ + µ − is given by the following expression [38] :
where λ = 1 + r 2 + s 2 − 2r − 2s − 2rs, with r = m 2 φ /m 2 Bs and s = q 2 /m 2 Bs . The final muon has mass m µ and velocity v = 1 − 4m 2 µ /q 2 . The differential branching fraction depends on the following combinations of form factors:
where
As for the SM Wilson coefficients C 7 , C ef f 9 = C 9 + Y (q 2 ) and C 10 appearing in the above equations, are given in Ref. [40] . Figure 5 shows the hQCD and QCDSR predictions for B s → φµ + µ − differential branching ratio compared with the available experimental data from LHCb [5] . We observe that at low momentum transfer where the form factors are most sensitive to DAs through LCSR, hQCD produces better agreement with the data. The bin-by-bin numerical predictions are given in Table IV .
Using our hQCD predictions for B → K * µ + µ − decay [21] , we can consider the ratio
by using the differential branching ratios integrated over range [q 1 , q 2 ]. Figure 6 shows a graphical comparison of our predictions for R K * φ to the experimental data of LHCb [7, 8] and CDF [41] at low and high q 2 range. It is encouraging that in low q 2 , the hQCD prediction agrees, within the error bars, with both LHCb and CDF results. Again, one should note that LCSR method for the evaluation of the transition form factors are expected to be more reliable at low q 2 . On the other hand, at high q 2 , our prediction only agrees with the CDF datum. The experimental data points are measured by LHCb [5] . 
VII. CONCLUSION
We have calculated the B s → φ transition form factors using φ meson holographic DAs.
Our prediction for the B s → φµ + µ − differential branching ratio is in better agreement with the latest LHCb data than the prediction generated using QCDSR DAs. In addition, we found that the hQCD prediction for R K * φ is in excellent agreement with both LHCb and CDF data at low q 2 . We conclude that it is important to have a better understanding of 
